Using the self-consistent model, we present nonlocal spin-transfer effects caused by the feedback between inhomogeneous magnetization and spin-transfer torque on the current-induced magnetization dynamics in nanomagnets. The nonlocal effects can substantially improve the coherence time of precession in nanomagnets and thus reduce the linewidth of power spectrum. This narrow linewidth results from the nonlinear damping of spin-waves due to the nonlocal spin torque which is inherent and thus should be considered in future experiments.
spin-wave modes caused by NLST and explains two important experimental results: spinwave excitations in a single FM [11] and narrower linewidths in spin-valves than are expected within the assumption of homogeneous M [12] .
The equations of motion of M (Eq. (1)) and µ s (Eq. (2)) [4, 5, 6 ] are self-consistently solved for FM and NM.
Here m is the unit vector of M, γ F (N ) is the gyromagnetic ratio of FM (NM), H ef f is the effective field including the magnetostatic, exchange, external (H ext ), current-induced Oersted, and thermal fluctuation fields, α is the intrinsic damping constant, M s is the saturation magnetization, t F is the thickness of FM, J s = −D∇µ s is the spin current, D is the diffusion coefficient, τ sf = l 2 sf /D is the spin-flip scattering time, and l sf is the spindiffusion length. The change of charge and spin current J e and J s at the interface of FM|NM are related to the potential drop over the interface as [13] J e = (G ↑ + G ↓ )∆µ e /e + (G ↑ − G ↓ )m · (∆µ s /e)
J s = ( /2e 2 )[Re(G ↑↓ )m × (m × 2∆µ s ± ∂ t m),
where µ e is the electric potential, ∆µ = µ(±t F /2+0)−µ(±t F /2−0) is the potential drop over the interface, G s (s=↑ or ↓) is the spin-dependent conductivity,
is the bulk (interface) spin asymmetry, G ↑↓ is the mixing conductivity. A small Im(G ↑↓ )
is disregarded [14] . At the interface of FM|NM, J e and J s · m are continuous under the condition of µ s × m = 0 in FM. µ s and m are related through the Eqs. (2)- (4), and the spin-version of the Ohm's law with the boundary conditions of µ e = −eV (0) and µ s = 0(0)
at the far-right (-left) end of the NM electrodes.
To validate the self-consistent model, we first carried out simulations for the single FM, Cu 1 (10)|Co(t Co )|Cu 2 (52 − t) (all in nm) where t Co varies from 2 to 8nm, and compared modeling results to the experimental ones in the Ref. [11] . Since this structure has no second FM, the conventional LLG-Slonczewski equation is not applicable. Asymmetric Cu leads provide asymmetric µ s at each side of the Co layer ( Fig. 1(a) ). µ at interfaces (= µ
) is negative when the electron flows from the thick to thin Cu layers, corresponding to a negative current. This negative µ provides negative NLST. Fig. 1(b) shows the time evolution of averaged out-of-plane component of M ( M z ) at various negative currents when the out-of-plane field H is 2.5T . M initially saturates along the out-of-plane direction, but cannot keep the saturation state at negatively large currents even when H is larger than the out-of-plane demagnetization field H d (≈ 1.6T ) (Fig. 1(c) ). When the current is turned on, a tiny in-plane component of M is developed especially at the long edges where the Oersted field is the largest. Interplay between this inhomogeneous M and negative NLST excites spin-waves, resulting in the rapid decrease of M z within a few nanoseconds.
As in the experiment [11] , we observed current-induced excitations only at negative currents. The normalized modulus of the magnetic moment |M| is much smaller than M s at those bias conditions ( Fig. 1(d When H > H d , the critical current I C for excitations linearly depends on H (Fig. 1(c) and (d)). As shown in Fig. 1(e) , numerical results of the slope (= dI C /dH) are in better agreement with the experimental ones than the theoretical ones (for the theoretical I C , see
Eq. (10) in the Ref. [4] ). In the experiment [11] , the intercept of extrapolated boundary at I = 0 is nearly zero for the sample with t Co = 8nm, whereas the theoretical intercept is about 0.8T (≈ H d /2) for all thicknesses (inset of Fig. 1(e) ). For t Co = 8nm, the numerical intercept is 0.23T and again in better agreement with the experimental one. We attribute these better agreements to the fact that the self-consistent model more realistically takes into account the influence of the shape and finite size of nano-pillar on the spin-wave mode. and 2f L where f L = γ Co H/2π. The eigenmode images (insets) show that the precession region with a higher power is localized at edges. Note that these eigenmodes are unique features of the NLST and not expected in the field-driven excitation [16] .
This result demonstrates one crucial implication of the NLST, namely, destabilization effect of negative NLST on local M's. Via the spin diffusion, the electrons backscattered from the FM destabilize local M's whereas the electrons transmitted through the FM stabilize.
The two effects always exist simultaneously but one dominates the other because the NM electrodes and thus µ s are not symmetric. Since the sign of µ s is reversed by changing the current polarity, the stabilizing effect is expected for a positive current, i.e. positive NLST.
In the single FM excitation, we observed almost macrospin behaviors for positive NLST. In a spin-valve, however, different types of spin-wave modes are expected for positive NLST because the local STT is nonzero and thus generates incoherent spin-waves [8] .
In the second study, we applied the self-consistent model to a spin-valve structure,
Cu (80)|Py (20)|Cu (6)|Py (2) shows the well-known red-and blue-shift depending on I (Fig. 2(a) ). CONV shows only red-shift up to a critical current (I Fig. 2(b) ). When I > I
CON V C
, M dynamics in CONV becomes complicated due to excitations of incoherent spin-waves. As indicated by an arrow, we observed secondary peaks with about half the frequency of main peaks, corresponding to the precession of end domains [8] . In SELF, we observed similar secondary peaks indicating non-single domain state, but much clearer peak structures than CONV up to about 2.4mA which is larger than I CON V C (Fig. 2(c) ). It indicates that the positive NLST provides a more periodic oscillation than that obtained in CONV. (T ), SELF shows the narrowest linewidth whereas CONV produces the broadest one due to excitations of incoherent spin-waves. We calculated the T dependence of linewidth from lorentzian fits (Fig. 2(e) ). At low temperatures, SELF provides narrower linewidths than MACRO, consistent with the experimental observation [12] . Therefore, the positive NLST indeed results in a substantial improvement of the coherence time of precession although M is not in the single domain state. It indicates that it is possible to reduce the linewidth by properly controlling the NLST. In MACRO, the linewidth monotonously increases with T .
On the other hand, in SELF, the linewidth linearly depends on T for T < 50K and more rapidly increases at higher temperatures.
The narrower linewidths in SELF are caused by two nonlinear effects of the positive NLST: an increase of the effective exchange stiffness in short range and an increase of the damping of incoherent spin-waves in long range. As a result, the positive NLST provides an additional nonlinear spin-wave damping. For a spin-torque nano-oscillator, the linewidth ∆ω in the low-temperature limit is given by [18] 
where N = dω(P )/dP is the nonlinear frequency shift coefficient obtained from ω(P ) = ω 0 + NP , ω 0 is the ferromagnetic resonance frequency at I = 0, P is the normalized power, to a decrease of the linewidth, known as the noise suppression due to nonlinear feedback [19] .
Inset of Fig. 2(e) shows that N is nonzero and almost identical for the two models.
Thus, the linewidth is wider than that expected in a linear oscillator. Using Eq. (5) [18] to explain experimental observations. Note that the nonlinear theory referred here does not take into account the spin transport and the Q value has been used as a fitting parameter without justification of its origin. In contrast, our self-consistent treatment shows that the large Q is mainly caused by NLST. Thus, we conclude that the nonlinear spin-wave damping due to NLST is responsible for narrower linewidths in SELF at low temperatures. When T is too high, the thermal random force overcomes the nonlocal effect due to positive NLST and thus the linewidth abruptly increases. For the opposite current polarity (i.e. negative NLST), we observed an increase of the linewidth (not shown).
Finally, we note that the magnitude of NLST is easily controlled by modifying the asymmetry of layer structure like the conventional local STT. The effect of NLST on the currentinduced M dynamics is determined by the ratio of NLST to local STT. Fig. 2(f) shows the ratio at the parallel magnetic configuration as a function of the thickness of Cu spacer (t Cu ) for the spin-valve structure studied here. The ratio is about 0.1 at t Cu = 6nm which is the case of the Ref. [12] . Note that the effect of NLST on the current-induced M dynamics is considerable although the ratio is only 0.1. Furthermore, this ratio increases with increasing t Cu as shown in Fig. 2(f) . Therefore, NLST should be considered in designing and interpreting future experiments. M s = 1420emu/cm 3 , the exchange stiffness constant A ex = 2 × 10 −6 erg/cm, α = 0.01, the unit cell size= 3nm, and the discretization thickness of Cu layer varies depending on the total thickness and is not larger than 5nm. For Cu and Co, the spin transport parameters [15] are bulk resistivity ρ(µΩcm)=0.6 and 7.5, β=0 and 0.46, l sf (nm)=450 and 59, and D(×10 15 nm 2 s −1 )=41 and 1.7.
For the interface Co|Cu, the parameters are interfacial resistance AR * (mΩµm 2 )=0.51, γ=0.77, interfacial spin memory loss δ=0.25, and Re(G ↑↓ )(×10 10 Ω −1 cm −2 )=5.5. proportional to the precession angle [3] . However, the main finding is not altered even when we choose the same bias condition for all models. Model parameters: Elliptical shaped nanopillar with
